This communication highlights the need of building hierarchical digraphs for the unequivocal assignment of stereochemical descriptors of (-)-myrtenal, a naturally-occurring oxygenated monoterpene whose absolute configuration (AC) is sometimes misrepresented in its structural formulae. Differentiation between duplicated atoms and phantom atoms for the proper application of the sequence rules is shown to be an essential step to get a proper construction of hierarchical digraphs.
As part of our research to apply vibrational circular dicroism (VCD) spectroscopy to assign the absolute stereochemistry of monoterpenes [1] , we recently came across recurring inaccuracy or contradictions in the use of R and S descriptors for the C-1 and/or C-5 absolute configuration (AC) assignment of (-)-myrtenal (1), a naturally occurring oxygenated monoterpene, widely distributed in the Astereacea family, which has growing use as starting material for asymmetric organic synthesis [2] [3] [4] .
The absolute configuration of the most abundant naturally occurring enantiomer of myrtenal has been reported as (1R,5S), which corresponds for the levorotatory enantiomer, while (1S,5R)-(+)-myrtenal is also found in some Astartea species [5] but its presence in Nature is significantly lower. To our surprise either the name or the structure of (1R)-(-)-myrtenal (1) are often erroneously represented according to the following inconsistencies: a) there is no coincidence between name and structure [6] [7] [8] [9] , b) a name with stereochemical descriptor is given but a plain structure is draw [10, 11] or c) the name refers to a highly tensioned structure, i.e., (1R,5R)-(-)-myrtenal [12] [13] [14] . Such discrepancies could likely be due to a misapplication of the Cahn-Ingold-Prelog (CIP) Sequence Rules concerning multiple linking. More problematic is the fact that important sources providing stereochemical information of myrtenal are involved in spreading the above misconception. For instance, a commercial source of (1R)-(-)-myrtenal shows, in at least one issue [15] , the structure of the (1S)-enantiomer instead the correct (1R)-enantiomer. Similarly, a version of a prestigious software package gave wrong absolute configuration for the structural representation of 1 [16] .
Consequent to the irregular use of the R and S descriptors for 1, we firstly focused our attention in verifying the absolute configuration of this monoterpene using VCD spectroscopy, from where it was concluded [17] that the naturally occurring (1R,5S)-(-)-myrtenal stereoisomer indeed corresponds to the structural representation 1 depicted in Figure 1 .
An accurate pictorial representation of a molecular structure involves the application of a set of nomenclature rules which confer three-dimensional meaning to a series of lines normally drawn in perspective on a twodimensional surface. Such representation includes topological, geometric and topographic properties of the molecular system which are symbolized through the socalled chemical descriptors. From the later, stereochemical descriptors are an essential part for the unequivocal 3D pictorial representation of a molecular structure. For instance, the R and S stereochemical descriptors are used to define the chirality sense of a given enantiomorphic stereomodel relative to a chiral coordinate system. As well known, the proper use of these stereochemical descriptors is based on the CIP priority rules which were designed to define the configurational features or local chirality, a topographic property of a chiral molecular structure.
Misuse of these rules has enormous implications in chemistry and related areas, because it leads to the wrong three-dimensional representation of a given molecule, which implies incorrect attribution of physical, chemical, physicochemical and biological properties. Despite the wide application of the CIP rules and its adaptation to computational programs, it is relatively common to find errors of stereochemical representations probably derived from misinterpretation of some aspect of these rules, particularly in cases were multiple bonds are present, as we just accounted for 1. Furthermore, inspection of several text books widely used for undergraduate courses reveals no detailed consideration is given to the simultaneous presence of duplicated and phantom atoms.
In an effort to clarify the proper application of the CIP rules for chiral carbons located on cyclic unsaturated molecules, as is the case of (-)-myrtenal (1), we hereby review the CIP notation development and provide a detailed description of how the rules must be applied to assign AC at C1 and C5 of (-)-myrtenal (1), where the correct discrimination is reached through a careful analysis of the corresponding hierarchical digraphs.
After development of the basis for the CIP notation [18, 19] , some sixty years ago, for describing the AC of stereogenic centers in chiral molecules, several modifications [20] [21] [22] and extensions [23] [24] [25] were put forward to achieve a greater generalization to fit the challenges imposed by new structural arrangements. Thus, in order to improve its logic, consistency, scope and applicability, two important revisions were published in 1966 [20] and 1982 [21] . In fact, the later revision allowed the specification of the great majority of stereogenic units commonly encountered in organic molecules. In addition, Mayer in 1980 [26] implemented comparisons, according to the CIP rules, for computer use.
One important modification to the CIP rules described in the 1966 work [20] is the treatment of multiple bonds. This amended procedure involves the addition of one or two duplicated representations not only at the first encountered end, but at each end of each double or triple bond. As before, all real atoms other than hydrogen, and all duplicated representations, are complemented to ligancy four with phantom atoms of atomic number zero. For instance, a carbonyl group is represented as shows Figure  2 , where (O) and (C) correspond to duplicated atoms and -o‖ corresponds to a phantom atom of atomic number zero. This combination of duplicated and phantom atoms is not discussed with sufficient detail in text books and well might be the source for erroneous stereochemical descriptor assignments. Another great improvement for the application of the CIP system was achieved by the introduction of hierarchical digraphs which was firstly shown in 1966 [20] , and later its detailed construction was described in the 1982 revision [21] . Hierarchical digraphs, also not well detailed in text books, are acyclic directed graphs with a clear definition of ligands since all cyclic structures are transformed into the corresponding acyclic ones. Topological properties are implicitly defined by simplifying the assignment of the absolute configuration of stereogenic centers. Although hierarchical digraphs have been criticized [22] because each molecular structure has to be transformed into digraphs, which may be large when compared to the size of the parent structure, they have proven not only to be sufficient, but also advantageous and very reliable, especially when polycyclic molecules are considered. Figure 3 shows a partial hierarchical digraph for C1 of (1R)-(-)-myrtenal (1) considering duplicated and phantom atoms. At first glance, for stereogenic center C1, the lowest priority is the H atom, followed by the C7 methylene group. The C2 atom has priority over C6 since C2 is bonded to C10 which in turn supports the sole oxygen atom of the molecule. A deeper evaluation ( Figure  3 ) of C2 and C6 atoms reveals that C2 is an sp 2 carbon atom while C6 is an sp 3 carbon atom. In the case of the sp 2 carbon atom, it is considered as bonded to three carbon atoms (C3, duplicated C(3), and C10), while the C6 atom, in the first sphere is also bonded to three carbon atoms (C5, C8 and C9). Therefore, it is necessary to reach the next sphere, in which the aldehyde carbon atom (C10) is considered as bonded to a hydrogen atom and to two oxygen atoms, the real oxygen atom and a duplicated oxygen atom. Since any of these oxygen atoms has precedence over any atom bonded to C6, which are C5, C8 and C9, priorities 1 and 2 are assigned to C2 and C6, respectively; resulting in stereochemical descriptor R for C1.
A complete hierarchical digraph for controversial C5 atom is shown in Figure 4 . Once assigning priority order 1 and 4 for C6 and the hydrogen atom, respectively, the evaluation is focused on how to establish the precedence between methylene groups C4 and C7. When the second sphere is reached, for C4 it can be observed that C3 is bonded to a hydrogen atom, a real C2 atom, and a duplicated C(2) atom, while on the side of C7 it is seen C1 is bonded to a hydrogen atom and to two real atoms (C2 and C6). There is no sense to evaluate real C2 atom from either the C3 or the C1 atom, since C2 is shared by the last two atoms. Also, it should be noted C1 has no precedence over C3 although the later is bonded to duplicated atom C(2) since real atoms only have precedence over phantom atoms but not over duplicated atoms.
It seems to us the differentiation of real, duplicated and phantom atoms is the main source of confusion for proper assignment of AC of stereogenic centers present in polycyclic multiple-bonded systems, as is the case of myrtenal. Consequently in the case of C5 a detailed account for the precedence order of the C4 and C7 methylene groups follows in detail: Starting from C1, which is bonded to C7, the third sphere is reached where real C6 and C2 atoms are located, while through the C4 → C3 route, real C2 and duplicated C(2) atoms are found in the same sphere. In the 4 th sphere, however, C4 and C7 can be differentiated, since through the C7 → C1 route it is found that C6 has precedence over duplicated atom C2 accessed from C3, because C6 is bonded to real C5, C8 and C9 atoms, while through the C4 → C3 route duplicated C2 atom is bonded to three phantom atoms of atomic number zero. Accordingly, descriptor S must be assigned to C5.
In conclusion, the present revision exemplifies the need of using hierarchical digraphs for the unequivocal assignment of the AC for polycyclic systems, like (1R)-(-)-myrtenal (1), whose stereochemistry is some times reported erroneously. Although computational programs are currently available to determine AC either on simple or complex organic structures, they not always provide the best results when multiple bonds or polycyclic systems are involved. As mentioned above, when a molecule like myrtenal is constructed and evaluated with software, stereochemical descriptors are generated automatically for each chiral center, in some case [16] providing the wrong answer. In addition, literature containing wrong assignments not only has reached scientific paper but also a supplier catalogue [15] thus spreading the source of confusion. Therefore, this communication provides clear evidences that hierarchical digraphs offer a reliable alternative for the correct assignment of AC, whose use is unfortunately not a common practice. 
